INTRODUCTION
Human immunodeficiency virus type 1, the retrovirus which causes AIDS (1, 2) , encodes a reverse transcriptase (EC 2.7.7.49) that is present in the virion (3) and converts the RNA genome into a double-stranded DNA copy. Since the first characterization of the reverse transcriptase (HTV-1 RT) basic properties such as template-primer preferences, optimal reaction conditions, and steady-state parameters have been characterized (4, 5) . K,,, values for dNTP substrates of 5-10 /iM, optimal KC1 concentrations of 50-100 mM, optimal Mg 2+ concentrations of 5 -10 mM, and optimal pH values of around 8 have been found (6) (7) (8) (9) . Studies of steady-state kinetics of polymerization revealed an Bi-Bi ordered mechanism with template-primer binding first followed by the binding of the complementary dNTP (10) . HTV-1 RT displays a high processivity in vitro, i.e. after primer binding some hundred nucleotides are incorporated when poly(rA) or natural RNA serves as a template (10, 11) . Although many biochemical parameters of HTV-1 RT have been characterized, only very Little is known about the binding step of RT to its template-primer substrate. Here we have investigated RT binding to poly(rA) • oligo(dT) and a synthetic 53/19-mer oligonucleotide. The latter was a DNA reconstruction of the genomic HIV-1 RNA template and the base-pairing region of the tRNA Lys ' 3 primer. By using techniques of classical enzyme kinetics in conjunction with equilibrium binding studies and fluorescence stopped-flow measurements we found a twostep binding mechanism and stabilization of the RT • templateprimer complex by the binding of the next cognate deoxynucleoside triphosphate and/or catalytic turnover.
MATERIALS AND METHODS Materials
The 53-mer 5'-AGACCCTTTTAGTCAGTGTGGAAAATC-TCTAGCAGTGGCGCCCGAACAGGGAC-3' and the 19-mer 5'-GTCCCTGTTCGGGCGCCAC-3' were synthesized on a 380B DNA synthesizer from Applied Biosystems by the phosphoroamidite method. The 53-mer contained the base sequence from the Ratner provirus HB10/HXB2 clone position 148-200 corresponding to part of the U5 region followed by the tRNA L y*' 3 -primer site (13) ; the 19-mer was complementary to the tRNA^^-primer site. An RNA run-off transcript that was resulting from plasmid pOTH33 (14) contained the HTV-1 sequence from nucleotide position -525 to 386 (15) of the Ratner HB10/HXB2 clone (13) . This RNA template was primed with the same 19-mer oligodeoxynucleotide described above. Unlabeled nucleoside triphosphates were from BoehringerMannheim, oligomers and homopolymers were purchased from Pharmacia. [a-32 P]dTTP was from Amersham/Buchler. All other chemicals were of analytical grade.
* To whom correspondence should be addressed HTV-1 reverse transcriptase Heterodimeric p667p51 HIV-1 reverse transcriptase was expressed in Escherichia coli from the plasmid pJS3.7 (16) . The protein was purified following the protocol of Austermann et al. (17) . The final fraction was > 98% pure and displayed a specific activity of 20,000 U/mg. One unit of reverse transcriptase catalyzed the incorporation of 1 nmol dTMP into poly(rA)• (dT)2o within 10 min at 37°C.
Preparation of primer-templates
Homopolymeric templates and primers were mixed in a molar ratio of 5 to 1 (nucleotide: nucleotide) whereas heteropolymers (53/19-mer, RNA/19-mer) were mixed in a 1:1 ratio, heated to 96°C and then allowed to cool to room temperature. Storage was at -20°C.
Reverse transcriptase assay
All reactions were carried out in 50 mM Tris/HCl, pH 8.0, 80 mM KC1, 6 mM MgCl 2 , 1 mM DTT, 100 /iM of complementary dNTPs, 100 /iM (nucleotide) template-primer, and enzyme in an amount that ensured initial rate conditions. After preincubation for 5 min at 37 °C, the reaction was started by adding MgCl2-Portions were removed at times between 10 seconds and 20 min and precipitated on glass fiber filters with 10% ice-cold trichloroacetic acid for 5 min, then washed in 6x2 ml 1 M HC1 followed by 1x5 ml ethanol. The filters were dried and the precipitated radioactivity was measured with a 1211 Minibeta liquid scintillation counter (LKB, Bromma, Sweden). DNA synthesis was quantified by applying a least square fitting procedure to the data points of the incorporation kinetics and evaluating the corresponding slopes.
Analytical ultracentrifugation
Sedimentation velocity runs were conducted at 48,000 rpm in 12-mm cells of an An-G-Ti rotor in a Spinco Model E analytical ultracentrifuge, equipped with a photoelectric scanner and an electronic multiplexer. Sedimentation runs were performed at 22 °C in standard RT reaction buffer (see above) but with DTT present at 0.1 mM. Sedimentation profiles were recorded at 280 nm and stored in a digital recorder. The molar extinction coefficient at 280 nm was calculated from the deduced amino acid composition of HTV-1 RT to be 262,000 M" 1 cm" 1 . Similarly, a molar extinction coefficient at 260 nm for the 53/19-mer of 673,000 M~' cm" 1 was calculated from the extinction coefficients of the individual bases and by assuming a 25% hypochromatic effect for the 19 complementary bases. This value was corrected to 363,000 M~' cm" 1 at 280 nm. Molecular weights were calculated as 115,700 Da for HTV-1 RT and 21,600 Da for the 53/19-mer.
Determination of association constants using gel cnromatography
Association constants between HTV RT and poly(rA) • (dT)2o were determined by using a gel filtration method and evaluating the data according to the equation given by Frankel et al. (18) : primer, and V d for the elution volume of the template-primer in the absence of HTV-1 RT.
A 15 cmx 1 cm column was filled with 10 ml agarose gel A-5m (BioRad Laboratories) and equilibrated with 50 mM Tris/HCl, pH 8.0, 80 mM KC1, 1 mM DTT, and varying concentrations of MgCl 2 -Fractions (0.31 ml) were collected, and the elution volumes of free template-primer and free HTV-l RT were determined separately. Then the column was equilibrated with either 10, 50 or 100 nM (dT^o 3'-OH ends of poly(rA) • (dT)^. About 1 ng (10 pmol) of RT in 50 /*1 equilibration buffer was loaded onto the column and the elution volume of RT was determined again. Template-primer was detected by measuring the absorption at 260 nm, RT was detected enzymatically.
Fluorescence stopped-flow experiments
Fluorescence stopped-flow experiments were performed at 22 °C in a modified version of a Durrum-Gibson stopped-flow apparatus. The intrinsic tryptophan fluorescence of HTV-l RT was excited at 280 or 291 nm and the emitted fluorescence was measured at 350 nm after passage through Scott UGH and KV320 band-pass filters. Data were recorded with a personal computer using the DISYS analog-digital converter. To improve the signal to noise ratio, the time-dependent fluorescence signal of 5 to 10 individual experiments, done under identical conditions, were collected and averaged. Data were evaluated with a nonlinear least squares fitting algorithm (VA05A, Harewell library (19) ). The FORTRAN source text of this program was kindly translated into PASCAL for use on personal computers by Dr J.Greipel (Medizinische Hochschule Hannover, Germany).
The molar ratio of RT to the 53/19-mer ligand was 1:1 with concentrations ranging from 100 to 800 nM.
RESULTS

Steady state kinetic studies
We began our studies on the kinetics of DNA synthesis performed by HTV-l RT by using an RNA run-off transcript (14) that contained the HTV-1 sequence from nucleotide position -525 to 386 (15) of the Ratner HB10/HXB2 clone (13) . The RNA was primed with a synthetic 19-mer complementary to the primer binding site of HTV-1 ( Fig. 1 ). On this template-primer, HTV-1 RT displayed a Michaelis constant, K,,,, for primer binding of 12 nM (3'-OH ends) and a catalytic rate constant, k^, of 0.9 s" 1 . A more detailed analysis of DNA synthesis on this template-primer was hindered by the limited amounts of RNA which could be prepared by in vitro transcription. Therefore, we constructed a 53/19-mer DNA substrate ( Fig. 1) where the 53-mer contained the base sequence from nucleotide position 148-200 corresponding to part of the U5 region followed by the tRNA^-primer site (13) . DNA synthesis on the oligomeric DNA substrate was performed with an apparent Kn, value of 25 nM 3'-OH ends and a k^ value of 1.4 s" 1 . Thus, in terms of catalytic constants DNA synthesis on the 53/19-mer was comparable to DNA synthesis measured on DNA-primed natural RNA. As a consequence, the k^/Km values were 7.2-10 M-'s-' for the primed RNA and 5.4-10 7 M-'s" 1 for the DNA oligomer. Furthermore, for both template-primers, Hill coefficients (n,pp) of 1.0 were obtained (Table I) .
We have also included kinetic studies on poly(rA)-oligo(dT)2o as a reference substrate. For this template-primer a Kn, value of 21 nM 3'-OH ends, a k^, value of 6 s" 1 , and a Hill coefficient of 0.95 was measured (Table I) .
From a simple steady-state approach DNA synthesis may be described as a two-step process of RT binding to template-primer first and subsequent elongation when complementary dNTPs are present:
By applying the Briggs-Haldane relationship, Y^ is given by (kon + k_ 1 )/k 1 whereas the equilibrium dissociation constant for the RT-nucleic acid complex, Kj, is described by k^/k,. From this one should expect that Kn, > Kj. Many authors have calculated Kj values from steady-state and also pre-steady-state approaches under turnover conditions that basically refer to the model given in Scheme I (10, (20) (21) (22) (23) . However, to our knowledge a direct measurement of the dissociation constant for RT/template-primer systems under non-turnover conditions has not yet been presented. As a first approach for measuring Kj values we have determined the inhibitory potential of the 53/19-mer in competition to DNA synthesis performed on poly(rA) • (dT)2o and vice versa. In these experiments the 53/19-mer acted as a linear competitive inhibitor with an inhibition constant, K,, of 146 nM (Table II) .
This suggested an equilibrium dissociation constant in the same order of magnitude, and as main result, KJ^KJ >K m . On the other hand, poly(rA) • (dT)^ displayed a mixed-type inhibition to DNA synthesis performed on the 53/19-mer with a Kj value of 6 nM (Table II) , which is near the K,,, value for binding of HTV-1 RT to poly(rA) -oligo(dT) in the presence of dTTP (Table  I) . We suspected that DNA synthesis on the competitor substrate, i. e. poly(dA)-oligo(dT), was responsible for both the mixed- type inhibition and the low K ; value observed. Therefore, the inhibitory potential of the 53/19-mer as well as poly(rA) • oligo(dT) was measured against a substrate that did not allow further DNA synthesis on both competitor nucleic acids, i.e. poly(rC)-oligo(dG). In these experiments both competitor nucleic acids displayed a competitive type of inhibition with Kj values of 72 nM for poly(rA) • oligo(dT) and 310 nM for the 53/19-mer (Table II) . Comparable results were obtained when poly(rA) • oligo(dT) and the 53/19-mer were inhibitors for DNA synthesis on poly(rI)-oligo(dC) ( Table II) .
Determination of equilibrium dissociation constant for RT and the 53/19-mer by analytical ultracentrifugation
The inhibition studies suggested a dissociation constant between 200 and 300 nM for HTV-1 RT and the 53/19-mer. This is 10-to 20-fold higher than the dissociation constants derived from either steady-state or pre-steady-state approaches under turnover conditions (10, (20) (21) (22) (23) . To further substantiate the significance of this finding we determined the dissociation constant under true equilibrium conditions by analytical ultracentrifugation. A series of velocity runs were performed with different concentrations of enzyme and the DNA substrate (Fig. 2) . To distinguish between the different components, i.e. free RT, free 53/19-mer and RT-53/19-mer complex, we first determined the sedimentation coefficients for the 53/19-mer and RT independently. After normalizing the data for water as solvent and a temperature of 20°C, the sedimentation coefficients (S^.w values) were 2.5 for the oligonucleotide and 5.5 for HTV-1 RT (data not shown). With 225 nM of each RT and the 53/19-mer, two distinct bands migrating with different velocities were distinguishable (Fig. 2 A) . The RT-53/19-mer complex and free RT formed the faster running boundary with an apparent S^.w value of 6.7. The slower sedimenting material had an S^.w value of 2.5; the latter represented the free 53/19-mer. Increasing RT concentrations led to more complex formation and lesser free 53/19-mer (data not shown); at 943 nM RT the slower migrating band completely disappeared (Fig. 2 B) , indicating that all of the 53/19-mer had been bound by RT. An analysis of the amounts of free and complexed 53/19-mer at varying RT concentrations revealed that 1.3 enzyme molecules bound to one molecule 53/19-mer. However, even at a fourfold molar excess of RT over the 53/19-mer, the fastest sedimenting material migrated at 6.8 S, i.e. the expected value for a 1:1 complex (Fig. 2 B) . Thus it is reasonable to assume that there is one template-primer bound to one molecule of heterodimeric RT; the measured stoichiometry of 1.3 may point to errors in the calculated extinction coefficients and uncertainties in the determination of the relative heights of the boundaries. For a 1:1 stoichiometry the equilibrium dissociation constant was calculated to be about 300 nM. •Standard deviations, based on 3 to 5 measurements, are indicated. 
Determination of equilibrium dissociation constant for RT and poly(rA)-(dT)2o by analytical gel filtration
A direct determination of the Kj value of HTV-1 RT binding to poly(rA) • oligo(dT) by analytical ultracentrifugation was not possible because of the heterogeneity of this ligand. Therefore, the dissociation constant, was measured by analytical gel filtration as previously described by Frankel etal. (18) . As already noted by these authors, the measured constant was largely independent of the substrate concentration (Fig. 3) . In the absence of divalent cations, a Kj value of 26 nM was determined. This K<j value was close to the Knj value measured for DNA synthesis (Table I) and much lower than expected from the inhibition studies (Table II) . The reason for diis might have been that gel filtration was conducted in the absence of Mg 2+ , while all other studies were performed at 6 mM MgCl 2 -Therefore, we analyzed the influence of Mg 2+ on the dissociation constant of the poly(rA)oligo(dT)-RT complex. At 1 mM Mg 2+ , the enzyme bound to poly(rA)-oligo(dT) with a Kj value of again 26 nM; however, at 6 mM MgCl 2 a Kj value of 80 nM was measured. At 30 mM Mg 2+ the Kj value increased to 500 nM (Table HI) . Very similar Kj values were measured at 25 and 4°C (data not shown) indicating that the Kj value is largely independent of the temperature. The gel filtration method also allowed the determination of the equilibrium dissociation constant for HTV-1 RT and unprimed poly(rA). These experiments revealed a Kj value of 0.4 mM (Table ITJ) , which is 5000-fold higher than the dissociation constant to poly(rA) • (dT^o under otherwise identical conditions. The poor binding of RT to unprimed RNA seems to exclude a primer recognition step that involves linear diffusion of RT along the single-stranded template.
Fluorescence stopped-flow experiments on the association reaction of HIV-1 RT and nucleic acids
The individual rate constants of the binding process were measured by stopped-flow experiments in both the absence and presence of dNTPs (Fig. 4) . The intrinsic tryptophan fluorescence of the RT was rapidly decreased (in the millisecond range) when RT bound to the 53/19-mer. The time course for the rapid fluorescence quench was dependent on the concentrations of bodi ligands, which is typical for a second order reaction. Hence, we attributed this effect to the bimolecular association of the polymerase with its DNA substrate. The rapid quench was mostly pronounced when the fluorescence was excited at a wavelength of 291 nm. Although the amplitude of the fluorescence quench amounted to only 5 -10%, a 5 to 10-fold repetition of the experiment under unchanged conditions and the accumulation of the corresponding data allowed a sufficiently precise measurement and an unambiguous evaluation. Following the fast association process, we observed an enhancement of protein fluorescence in the range of 1 to 2 sec (Fig. 4) . The slow fluorescence increase was more pronounced when the excitation wavelength was at 280 nm. The time course of the enhancement of the fluorescence was independent of the concentrations of enzyme and ligand; a fluorescence increase was not observed when the protein was diluted without adding template-primer. Therefore, we interpret the slow process as a conformational rearrangement of the enzyme/template-primer complex. Hence, the mechanism for the reaction of HTV RT with the 53/19-mer template-primer can be formulated as a two-step binding mechanism:
Since both processes were well resolved on the time scale they can be evaluated separately. The time course of the fluorescence signal then is described by: where CA and C^ are the initial concentrations of RT and the 53/19-mer, respectively, K^ is the equilibrium dissociation constant, kj is the bimolecular association rate constant, T is the relaxation time for the conformational rearrangement, F o is the zero background fluorescence, F is the fluorescence yield of the initial complex, and A,, the amplitude factor for the fluorescence change due to the conformational rearrangement.
By applying the above given relationship an association rate constant (k[) of 2 ± 1 • 10 8 M-'s" 1 was calculated. Thus, the association rate of HTV-1 RT and nucleic acids is largely controlled by the diffusion step. The conformational change of the enzyme after binding to the DNA substrate occurred with a rate constant (kj of 1.0 ± 0.5 s" 1 (Fig. 4 A) . Both, the rapid association step as well as the slow conformational change were largely independent of the absence or presence of up to 10 mM MgCl 2 . Thus, the rate of nucleic acid binding to RT seems to be not or only marginally affected by Mg 2+ ions. Fluorescence stopped-flow experiments were also performed in the presence of various concentrations of the complementary dNTPs. These studies revealed that there was neither an effect on the rate of association nor on the rate constant of the conformational change. However, after 20 to 200 s further fluorescence effects showed up (Fig. 4 B) , which might be interpreted as the dissociation of the enzyme from the fully copied DNA molecule. UV irradiation of the sample for up to 200 s caused bleaching effects that substantially superposed the fluorescence of the enzyme. Therefore, we were not able to evaluate the slow dNTP-dependent fluorescence effect with a sufficient precision.
DISCUSSION
The steady-state kinetics for HTV-1 RT was determined for three different template-primer systems, one containing DNA-primed HTV-1 RNA, another one was a 53/19-oligomer reconstruction of the natural primer-binding site, and the third was poly(rA) • oligo(dT) as the best and most widely used in vitro substrate. With these template-primers very similar K^, values of 12, 25, and 21 nM 3'-OH primer termini were determined. The corresponding k^ values were 0.86, 1.4, and 6 s~', which might be interpreted with a decreased DNA synthesis rate caused by stable secondary structures that are mostly present on natural RNA templates, less present on the synthetic 53/19-mer, and not all present on poly(rA)-oligo(dT). A Hill-plot analysis of the steady-state parameters revealed for the three template-primer combinations Hill coefficients of around 1. From this it is concluded that there are no cooperative effects for the binding of these substrates and despite the heterodimenc structure of HTV-1 RT, there either is only one binding site for nucleic acids, or, alternatively, sites of equal activity. To address this question directly, the binding of the 53/19-mer to RT was analyzed in the analytical ultracentrifuge. These studies revealed that there is, at the most, only one molecule of the 53/19-mer bound per heterodimer of RT. Thus, there is only one primer recognition site per RT heterodimer. A similar conclusion has been inferred from several biochemical studies (24) (25) (26) (27) and from the recently published X-ray structure of heterodimeric RT (28) . For one template-primer binding site per dimer, Kj values of about 300 nM for the binding of RT to the 53/19-mer and 70 nM for the binding of RT to poly(rA) • oligo(dT) have been determined. These values seem surprisingly high since the same templateprimer systems display 1^ values of around 20 nM. Thus, the binding of the next cognate dNTP to the preformed RT/templateprimer complex and/or catalytic turnover further stabilizes complex formation about 3.5 to 15-fold. Such an interpretation is also in agreement with the results from die nucleic acid competition experiments: The 53/19-mer inhibited DNA synthesis performed on poly(rA)oligo(dT), poly(rC) • oligo(dG) and poly(rI)oligo(dQ with K^ values of 100 nM, 260 and 300 nM, respectively. With poly(rA) • oligo(dT) as template-primer the incorporation of one dTMP in the competitor substrate, the 53/19-mer, is still possible (Fig. 1) . Hence the K; value of 100 nM probably overestimates the equilibrium binding constant. On die other hand, die Kj values of around 300 nM measured against poly(rC)-oligo(dG) and poly(rl) • oligo(dC) fit well with the measured dissociation constant for RT under true equilibrium conditions in the analytical ultracentrifuge. Similarly, poly(rA) • oligo(dT) inhibited DNA synthesis performed on poly(rC) • oligo(dG) and poly(rl) • oligo(dC) with Kj values of 52 nM and 126 nM, respectively, which again is in good agreement with the equilibrium dissociation constant of 80 nM (at 6 mM MgCl 2 ), which had been determined independently by quantitative gel filtration. In contrast, when DNA synthesis was measured on the 53/19-mer, poly(rA) • oligo(dT) was a strong mixed-type inhibitor widi a K; value of 6 nM. With the latter assay, DNA synthesis is also performed on the inhibitory template-primer system; therefore it is not surprising that the Kj value approached the K^ value.
The association kinetics of HTV-1 RT with the 53/19-mer was measured by employing fluorescence stopped-flow kinetics. It could be shown that RT binds to the nucleic acid in a diffusion controlled reaction with a rate constant of 2 • 10 8 M" 1 s" 1 . The rapid DNA binding step is succeeded by a slow conformational change of die enzyme wim a rate constant of 1.0 s~l. This conformational change is interpreted as die formation of a tight cognate complex, which in turn may be a prerequisite for die subsequent binding of dNTPs and die elongation reaction. It should be mentioned that such a conformational rearrangement has been shown directly by die analysis of X-ray data obtained from RT crystals and co-crystals containing RT and templateprimer (29) .
Interestingly, die equilibrium dissociation constant of RT/template-primer complexes displayed a strong dependence on die Mg 2+ concentration: it increased from about 30 nM in die absence of Mg 2+ to 500 nM when 30 mM MgCl 2 was present. On the other hand, association and conformational change were largely independent of me concentration of MgCl 2 . Therefore, it is concluded diat increasing Mg 2+ concentrations enhance die rate of dissociation of RT from die template-primer. This conclusion would be also in agreement widi die observed increased processivity of fflV-1 RT at suboptimal (< 6 mM) Mg 2+ concentrations (M. Kruhaffer, unpublished observations), provided tiiat me processivity is mainly determined by die ratio of k^ over koff. Furthermore, we observed no influence on die association and conformational change, whether or not dNTPs were present. This was somewhat surprising because the analysis of steady-state kinetic data had indicated diat die presence of cognate (but not incognate) dNTPs tightened the enzyme-DNA complex. From this, we assume diat anodier conformational change must occur, when die RT-template-primer complex binds cognate dNTPs. In fact, such a conformational change after binding of the cognate dNTP was recendy inferred from presteady-state studies using a quenched-flow device (22, 23) . However, die second conformational rearrangement was eidier not accompanied by a change of die intrinsic protein fluorescence or, alternatively, occurred in a time scale diat was not susceptible to our stopped-flow measurements.
Unfortunately, we were not able to obtain the dissociation rate constant by fluorescence stopped-flow measurements widi a sufficient precision. However, die k^ value has been recendy determined to be 0.12 s -1 (22, 23) . Based on a k^ of 0. The addition of dNTPs may decrease die dissociation rate constant k_ 2 by anodier order of magnitude from 0.1 s" 1 to 0.01 s~l. This value would be in agreement widi die slow increase of protein fluorescence in die 20 to 200 s range, when RT and die 53/19-mer are rapidly mixed in die presence of die four dNTPs (Fig. 4 B) .
In summary, diere is a two step-binding mechanism for RT binding to template-primers mat involves a conformational rearrangement of die enzyme. Furthermore, a second conformational change occurs when die cognate dNTP has been bound by the template-primer-enzyme complex (22, 23) . As inferred from the apparent discrepancies between die K,,, and Kj values for the template-primer, the binding and/or turnover of me cognate dNTP obviously tightens die complex by anodier order of magnitude. This surprising complexity of substrate recognition must be taken into account for further kinetic studies as well as die analysis of inhibitor binding to HTV-1 RT. The demonstration of a conformational change of die enzyme upon template-primer recognition may stimulate die search for RT inhibitors diat possibly 'freeze* the enzyme in a particular conformation. Thus, a careM analysis of die binding process does not only extent our enzymological knowledge about HTV-1 RT but may have direct consequences for die design of novel RT inhibitors.
